Schematic representation of the theoretical levels which are used to calculate the Helmholtz free energy change of glycine tautomerization in the expanded QM/MM-MC method.
Glycine is a molecule that can form an intramolecular hydrogen bond and may convert from a neutral (N) form to a zwitterionic (Z) form in an aqueous solution. Since the conversion between N and Z of glycine can be considered as a prototype of the tautomerization of amino acid, the process and the energy profile of the NZ conversion have been extensively studied. 17 Experimentally, the free energy of Z form was estimated to be 7.27 kcal mol ¹1 lower than that of N form, 8 and the free energy barrier height from Z to N was estimated to be 14.6 kcal mol ¹1 . 9 Recently, we have shown in the quantum mechanical/molecular mechanical framework with Metropolis Monte Carlo method (QM/MM-MC method) that the free energy barrier height of a water-mediated tautomerization path is higher than that of the direct tautomerization path in aqueous environment and that it is not "proton" but "hydrogen atom" that transfers. 7 In the current work, we aim at performing the quantitative calculation of the NZ free energy difference of glycine in aqueous solution. To this end, we present an extended QM/MM-MC method to calculate the Helmholtz free energy change. Solvation effect cannot be elucidated simply by taking account of only a few solvent molecules in a few selected configurations of the solvent, even if high level of theory is used. It is necessary to treat many solvent molecules and many solvent configurations explicitly. This is why several methods such as QM/MM-MC method have been adopted. If MC simulations are to be performed to sample solvent configurations satisfactorily, a lower level of theory must be used. If a lower level of theory is used throughout for free energy calculations, however, a resultant computational value may not be reliable. In this Letter, the following three points are addressed to evaluate quantitatively the free energy change in aqueous solution. The first is how to obtain a solute structure in aqueous solution, which may be largely different from that in the gas phase. The second is how to include close surrounding water molecules in QM subsystem in free energy calculations. We present a new methodology here, which we call the "expanded QM/MM-MC method." The last is how to treat the solute with higher level QM in the free energy evaluation. Thus, we present the multistage evaluation of Helmholtz energy change.
At the beginning, we calculated the potential energy surface of a glycine molecule in the gas phase at the HF/6-31G(d) level of theory ( Figure 1 ). By means of vibrational frequency calculations, all the stationary structures were confirmed. The IRC pathway connecting N, TS, and Z structures was calculated. In Figure 1 , N and Z structures are indicated by red full circles, and TS structure is indicated by a red full triangle. Some points along the IRC pathway are indicated by black full squares. Note that the hydrogen transfer proceeds in a very narrow ravine. Ab initio MO calculations were performed using Gaussian 03. 10 To obtain the optimized N and Z structures in an aqueous solution, we put glycine in an aqueous environment with 101 water molecules in a sphere such that the density of the solvent is 1 g cm ¹3 with a radius of 9.32 ¡. Since many solvent molecules are included in the system, an abundance of local minima may exist. To find a more stable structure, we take the procedure of the combination of the simulated annealing 11 and QM/MM-vib geometry optimization, as follows.
For the geometry optimization in the aqueous environment, we use the QM/MM-vib level. Here, a glycine molecule is treated at the QM level of theory (HF/6-31G(d)), and other 101 solvent water molecules are treated at the MM level of theory ( TIP3P 12 ) incorporated with the vibrational potential. 13 Total QM/MM energy of a system is expressed as follows. Here, E QM is the energy of QM subsystem in the presence of the effective charges of MM solvent molecules. E QMMM is the interaction energy between QM subsystem and MM molecules. E MMMM is the interaction energy between MM molecules. E vib is the total of the vibrational energy of each MM water molecule. The set of parameters used for the QM/MM calculation is the same as those used in our previous work, 7 except for the vibrational energy, which is calculated from the quartic force field.
14,15
E QM=MM ¼ E QM þ E QMMM þ E MMMM þ E vibð1Þ
13
The Metropolis Monte Carlo (MC) algorithm was used for the simulated annealing process, in which a high temperature (298 K, in this work) was given to the system, allowing it to equilibrate, then it was cooled in steps of 14.9 K until the temperature is zero, and 505000 configurations were generated randomly at each temperature. In an annealing process, a solute structure was fixed, and MM/MM calculations were performed, where the second and the third terms of eq 1 were used for energy calculations, and the electrostatic interaction term between solute and solvent was calculated by the Coulomb interactions between the CHELPG 16 using HF/6-31G(d) of the solute atoms and the partial charges of the solvent atoms.
In the procedure of QM/MM geometry optimization combined with simulated annealing, several cycles of the simulated annealing process were performed, and then all the positions of the molecules (glycine and 101 MM water molecules) were optimized in the framework of QM/MM-vib level. This procedure was repeated several times. Then, we obtained an optimized geometry of glycine in 101 water molecules. The geometrical parameters of thus-obtained N and Z forms in the aqueous solution are plotted in Figure 1 , with the white circles. Note that the Z structure in the aqueous solution is very much different from that in the gas phase (Figure S1 ). The XYZ coordinates of these structures are listed in Tables S1 and  S2 . 17 In the gas phase, one of H atoms of the NH 3 group is strongly hydrogen-bonded to one of O atoms of OOC group. In the aqueous solution, they are separated so that both groups are exposed to solvent molecules. The H£O distance, 2.05 ¡, is longer than that reported previously. 4 This may be because we performed the combination procedure of simulated annealing and geometry optimization several times to obtain Z form in aqueous solution.
The routes between the structures (N or Z) in the gas phase and the corresponding structures in aqueous solution were created by dividing the differences in the coordinates linearly. White squares in Figure 1 indicate the route from the Z structure in the gas phase to that in aqueous solution. Since the selection of a reaction path does not affect the NZ Helmholtz energy difference, we can take any reaction path in principle. We use the IRC path with extended steps (black and white squares in Figure 1 ) to evaluate the Helmholtz energy difference between the N and Z structures in aqueous solution by means of the free energy perturbation method. The solvation effect is the target of the current work, and solvent configurational contributions must be important. We assume the system obeys classical statistical mechanics.
The difference ¦A ij in the classical Helmholtz free energy of the system between glycine structures i and j is given by
Þ=kT gi ðiÞ ð2Þ
The bracket hÁ Á Ái ðiÞ denotes the ensemble average of the difference in total QM/MM energies of glycine (in the structures i and j) with the solvent molecules in configurations originating from the Metropolis sampling around glycine in the structure i in a solvation sphere with a radius of 9.32 ¡.
To sample solvent configurations, we adopted the double perturbation approach. 18 In this approach, at a solute structure, 20200000 solvent configurations were generated (NVT ensemble at T = 298 K) by MM/MM calculations. Since only the energy differences of the solute structures of i and j with the same solvent configuration based on the solute structure i are taken into account in the free energy calculations (eq 2), we consider that the NVT ensemble generated from MM/MM calculations with TIP3P is adequate. From the generated 20200000 configurations, 2020 were selected randomly to be used for the expanded QM/ MM calculations, where the solute and directly solvating water molecules were treated as QM (HF/6-31G(d)). We regard a water molecule as "directly solvating," when the atomic distance between the solute and the water molecule is less than 2.45 ¡. A snapshot of solvent configuration around Z form of glycine is shown in Figure 2 . The QM/MM and free energy calculations were performed using HONDO. 19 Thus-obtained Helmholtz free energy change of the system can be divided 20 into the free energy change of the solute and the solvation free energy change as follows.
The superscript indicates the level of theory used for the evaluation for each term. Since our free energy difference calculations are performed with a fixed geometry of the solute at each of the tautomerization route, the free energy change of the solute is equal to the potential energy change of the solute along the tautomerization. Then, we obtain . The obtained solvation free energy change is plotted with the reversed sign using blue diamonds in Figure 4 .
The following is the last stage of our evaluation of free energy change. Since it is probable that the energy differences among the structures of the solute are strongly sensitive to the electron correlation effect, we perform MP2/6-31G(d) calculations for the solute structures. Then, we add the MP2 energy change to the solvation free energy change ÁÁA HF=MM solvation . Thus, we obtain the Helmholtz free energy change, in which the solute is treated with MP2/6-31G(d):
This is our final expression for Helmholtz free energy change in this Letter. Schematic representation is shown in Figure 3 .
We used 52 points along the route of direct hydrogen transfer of glycine in the aqueous solution, for each of which 2020 expanded QM/MM-MC calculations were performed, where a glycine molecule with directly solvating water molecules was calculated at HF/6-31G(d) surrounded by the rest of water molecules of TIP3P. Then, the replacement of QM energy of HF/ 6-31G(d) with that of MP2/6-31G(d) led us to the Helmholtz free energy change according to eq 5. The computational result is shown in Figure 4 . The standard deviations at each step are indicated for Helmholtz free energy change (black) and solvation free energy change (blue).
TS structure in the aqueous solution, which corresponds to the highest point on the Helmholtz free energy change, is plotted in the solute potential energy surface with the white triangle ( Figure 1 ). It is interesting to note that the TS structure is closer to the N form in the aqueous solution than in the gas phase. The calculated free energy barrier height from Z to N is 11.0 kcal mol
¹1
, which is slightly lower than the experimental estimation. 9 One of the reasons for this may be the insufficiency of the theoretical level used to calculate the solute energy change along the route. The solute energies of the intermediate steps of hydrogen atom transfer may depend on the theory used: MP2 level may not be good enough in the current case.
In the current work, we treated directly solvating water molecules (when they are within 2.45 ¡ of the solute) as QM (HF/6-31G(d)), which resulted in larger stabilization in solvation free energy than that of the previous work 7 where all solvent water molecules were treated as MM. When a solute is ionized, water molecules surrounding the solute must be polarized, and they need to be treated as QM.
Regarding the tautomerization route, there may be other paths than the one considered here. Furthermore, there may be various states corresponding to N form and Z form of glycine in aqueous solution. In the current work, we do not extend our calculations to those other routes or other states. Concerning the N states, it has been suggested that the free energy differences between those states are rather small. 21 In aqueous solution, our computational Helmholtz free energy of the Z form of glycine is lower than that of the N form by 7.25 kcal mol ¹1 , and it compares well with the experimental value (7.27 kcal mol ¹1 ). 8 The multistage strategy, which we have presented in this Letter, is a practical and promising way to evaluate the Helmholtz free energy change in solution quantitatively; enough solvent configurations are generated at MM level, a stable solute geometry is optimized fully in aqueous solution, solvation free energy is evaluated from selected configurations treating the solute with directly solvating water molecules at HF level, and the solute energy change is evaluated at higher level of theory. . Helmholtz free energy change (black full triangles), solute potential energy change (red full squares), and solvation free energy change (blue full diamond) along the hydrogen-transfer route of glycine in aqueous solution, according to eq 5. The solvation free energy change is plotted with the reversed sign. N(a), TS(a), and Z(a) indicate N, TS, and Z forms in aqueous solution, respectively. N(g), TS(g), and Z(g) indicate those in the gas phase. The standard deviations at each step are indicated for Helmholtz free energy change (black) and solvation free energy change (blue).
